We analyse all available observations of GX 339-4 by XMM-Newton in the hard spectral state. We jointly fit the spectral data by Comptonization and the currently best reflection code, relxill. We consider in detail a contribution from a standard blackbody accretion disc, testing whether its inner radius can be set equal to that of the reflector. However, this leads to an unphysical behaviour of the disc truncation radius, implying the soft X-ray component is not a standard blackbody disc. This appears to be due to irradiation by the hard X-rays, which strongly dominate the total emission. We consider a large array of models, testing, e.g., the effects of the chosen energy range, of adding unblurred reflection, and assuming a lamppost geometry. We find the effects of relativistic broadening to be relatively weak in all cases. In the coronal models, we find the inner radius to be large. In the lamppost model, the inner radius is unconstrained, but when fixed to the innermost stable orbit, the height of the source is large, which also implies a weak relativistic broadening. In the former models, the inner radius correlates with the X-ray hardness ratio, which is consistent with the presence of a truncated disc turning into a complete disc in the soft state. We also find the degree of the disc ionization to anti-correlate with the hardness, leading to strong spectral broadening due to scattering of reflected photons in the reflector in the softest studied states.
INTRODUCTION
Black hole X-ray binaries (BHXRB) are powered by accretion from a donor star onto a stellar-mass black hole (BH). The accretion often proceed via an optically thick, geometrically thin, accretion disc (Shakura & Sunyaev 1973; Novikov & Thorne 1973) . Systems with low-mass donors usually show recurrent outbursts on a range of timescales, occurring due to a hydrogenionization thermal instability (e.g., Cannizzo, Chen & Livio 1995; Lasota 2001; Coriat, Fender & Dubus 2012) . After a period of quiescence, an outburst starts in the low/hard spectral state, which is characterized by a power-law spectrum in the ≃2-10 keV range with the photon index of 1.5 Γ 2.0 and a weak blackbody emission (e.g., Remillard & McClintock 2006; Done, Gierliński & Kubota 2007) . At a later phase of the outburst and at higher accretion rates, the system usually enters the high/soft spectral state (Esin, McClintock & Narayan 1997; Poutanen, Krolik & Ryde 1997; Fender & Belloni 2012) , which is dominated by blackbody emission from the disc (see, e.g., for a review of the radiation processes in different states).
Physically, the hard state has been explained by emission from ⋆ E-mail: rupal@camk.edu.pl (RB); aaz@camk.edu.pl (AAZ) a hot inner accretion flow (Shapiro, Lightman & Eardley 1976) , surrounded by a disc that is truncated far away from the innermost stable circular orbit (ISCO). The standard hot accretion solution corresponds to the gravitational energy transferred predominantly to the ions and Coulomb energy transferred to the electrons. Given the relative weakness of the Coulomb coupling, the plasma is twotemperature with the ions being close to the virial temperature and the electrons of kT e ∼ 10 2 keV. Also, the weakness of the coupling results in most of the ion energy advected to the BH at low accretion rates; thus the flow is radiatively inefficient (Narayan & Yi 1995) . However, the efficiency increases at higher accretion rates (Yuan 2001) . Furthermore, a substantial part of the accreted matter may form an outflow (Blandford & Begelman 1999) . Irrespective of the detail, the outer cold disc in this scenario is expected to be truncated (Done et al. 2007; Gilfanov 2010; Yuan & Narayan 2014) . The truncation is also required in early stages of an outburst, given that the disc in quiescence does not extend down to the ISCO (Lasota, Narayan & Yi 1996) . When the accretion rate increases further, the truncation radius decreases, the disc starts to penetrate the inner flow and eventually reaches the ISCO in the high/soft state (Remillard & McClintock 2006; Done et al. 2007 ).
There is, indeed, strong observational evidence that the disc extends all the way to the ISCO in the high/soft state, e.g., Steiner et al. (2010) . On the other hand, the actual values of the truncation radius in the low/hard state have been a subject of an intense debate in recent years. The sources in the low/hard state usually show a soft component, which is often attributed to disc emission. The truncation radius can be calculated by modelling this component. In addition, the disc acting as a reflector produces a characteristic spectrum. The most important feature of the reflected spectrum is the fluorescent Fe Kα line, which is broadened and skewed due to the special and general relativistic effects in regions close to the BH (Fabian et al. 1989) . Hence, modelling the reflection component provides us another way to measure the disc truncation radius (e.g., Reynolds & Nowak 2003) . However, various studies of the reflection spectra have resulted in conflicting results, with some studies suggesting that the accretion disc extends till the ISCO (e.g., Miller et al. 2006; Rykoff et al. 2007; Reis, Fabian & Miller 2010) , while some other studies find truncated discs (e.g., Done & Díaz Trigo 2010; Plant, O'Brien & Fender 2014; Plant et al. 2015) .
GX 339-4 is a BHXRB where the geometry of the low/hard state is one of the most debated. A number of studies found the disc extending down to the ISCO at a luminosity as low as ∼1 per cent of the Eddington luminosity, L E (Miller et al. 2006; Tomsick et al. 2008; Petrucci et al. 2014 ). Then, Done & Díaz Trigo (2010) , using the same data as Miller et al. (2006) and Tomsick et al. (2008) , found a large truncation radius. They argued that the discrepancy stems from the pile-up in the XMM-Newton MOS CCDs, which broadens the Fe line. Hence, one should avoid using detectors which are severely affected by this effect (Done & Díaz Trigo 2010) . Kolehmainen, Done & Díaz Trigo (2014) (hereafter KDD14) calculated the inner radius both from the modelling of the disc and that of the reflected component using the data taken by the XMM-Newton EPIC-pn detector in timing mode. Though their study indicates highly truncated disc, the radii calculated by the two methods do not agree with each other. Plant et al. (2014) analysed the XMM-Newton EPIC-pn data taken in the imaging mode during the 2013 outburst, in which the source always remained in the hard state. They have found the inner disc radii of R in ∼ 20 R g from both disc and reflection spectral components. However, the disc inclination was found to be low, ≃ 30
• , which, given the large mass function of GX 339-4 found by Hynes et al. (2003) , would imply an unrealistically high BH mass, M 40M ⊙ (but see the caveats in Section 2). On the other hand, a recent study of the same outburst using a joint Swift XRT and NuSTAR data found an inclination in the range of ∼ 40
• -60
• (Fürst et al. 2015) .
Here, we attempt to resolve some of the above controversies. For the first time, we simultaneously analyse all the available data of the source in the low/hard state taken by XMM-Newton, whose high-resolution CCDs are crucial for accurate measurements of the reflection features. We use a large range of spectral models, in order to determine the level of robustness of our conclusions. In Section 2, we describe main properties of GX 339-4. In Section 3, we describe the observations and data reduction, while Section 4 describes the analysis method and the techniques that we have developed in order to get robust estimations of the disc inner radius. The results of our study are given in Section 5. In Section 6, we discuss physical effects related to our results and their implications. We summarize our conclusions in Section 7. Appendix A compares our results with those of other spectral studies. Appendix B discusses different definitions for the fractional reflection strength.
THE PARAMETERS OF GX 339-4
The orbital period of GX 339-4 has been measured by Hynes et al. (2003) as P = 1.7557 d, though some other shorter periods were also found possible. The above period appears to be confirmed by Levine & Corbet (2006) , who found P ≃ 1.7563 ± 0.0003 d by analysing the RXTE All Sky Monitor data. Hynes et al. (2003) measured the mass function of f = 5.8 ± 0.5 M ⊙ . They used emission lines, and thus the result is less certain than that of absorption lines due to some uncertainty of the location of the emission. Muñoz-Darias, Casares & Martínez-Pais (2008) considered some of those uncertainties and argued for the mass function to be higher due to the displacement of the centre of of the emitted light with respect to the donor centre of mass, and, consequently, M 7M ⊙ . Hynes et al. (2003) and Muñoz-Darias et al. (2008) estimated the mass ratio as M 2 /M ≤ 0.08, ≤ 0.125, respectively, where M 2 is the mass of the donor.
The highest BH mass measured yet in a low-mass binary is 12.4 (Reid et al. 2014 ; see also Zdziarski 2014 for the dependence on the distance). Using that mass upper limit and the 1σ lower limit on f , the binary inclination of GX 339-4 is i ′ ≥ 46
• . On the other hand, Wu et al. (2001) estimated the binary inclination to be low, 25
• , under the assumption that the velocity separation of the Balmer lines corresponds to the disc rim, though Hynes et al. (2003) stated that this interpretation was not certain. We note that an inner part of the disc is aligned with the BH rotation axis, which can then be inclined with respect to the binary orbit, in which case the inclination of the reflecting part of the disc, i, can be different than the binary one, i ′ . Reis et al. (2008) and Miller et al. (2008) estimated the dimensionless BH spin in GX 339-4 as a ≃ 0.93 ± 0.01 while Ludlam, Miller & Cackett (2015) claimed a > 0.97. Those values remain, in our opinion, to be rather uncertain. We assume a = 0.9. At this spin, the ISCO is at the radius of r ISCO ≃ 2.32 (hereafter r gives the radius in the unit of R g ). The actual value of a has a little influence on our results because we find generally r in ≫ 1, at which range the effect of the Kerr metric is small.
The source distance is relatively uncertain, estimated at D ≃ 8 kpc by , while Hynes et al. (2004) constrained it to 6 kpc. We note that pointed out that the distance of ≃15 kpc argued for by Hynes et al. (2004) , and often considered as a realistic upper limit to the distance, disagrees with the observed structure of the Galaxy. While GX 339-4 at this distance would be ∼ 1 kpc below the Galactic plane, Hynes et al. (2004) associated it with the warped material of the outer Galactic disc. However, point out that the warp's Galactic azimuthal angle is ≃ 260
• , while that of GX 339-4 at D = 15 kpc would be ≃ 320
• , ruling out that association. Thus, we consider D = 8 ± 2 kpc as the currently best estimate. We note that Gierliński & Newton (2006) argued for D ∼ 6 kpc (and M 10M ⊙ ) based on comparison of the outburst light curves and Eddington ratios at state transitions with other BH transients.
GX 339-4 appears to be the low-mass BHXRB with the shortest firmly established recurrence time, of the order of a year to a few years. Consequently, it should have the mass transfer rate from the companion close to the the critical value (dependent on the system parameters) at which accretion becomes stable (Coriat et al. 2012) . The mass-transfer rate can be estimated from the average flux of the system. tion of X = 0.7. The radiative efficiency, ǫ, defined with respect to the mass flow through the inner Lagrangian point, L 1 , is probably ∼ 0.1, but it can be much smaller than that in the presence of advection and outflows, see, e.g., Yuan & Narayan (2014) . We can write the corresponding mass transfer rate as
Almost the same value, 1.3 × 10 −8 (D/8 kpc) 2 M ⊙ yr −1 , was obtained for the epoch of MJD 50100-55900 by Coriat et al. (2012) . According to them, this corresponds to about 40 per cent of the critical mass transfer rate.
On the other hand, Muñoz-Darias et al. (2008) calculated the theoretical mass transfer rate in GX 339-4 using the model of King (1993) (who used the evolutionary calculations of Webbink, Rappaport & Savonije 1983) as −Ṁ 2 < 8 × 10 −10 M ⊙ yr −1 , i.e., 16 times less than the observational estimate of Coriat et al. (2012) . Clearly, that theoretical maximum is strongly violated by the observational data. Thus, the results of Muñoz-Darias et al. (2008) for the donor evolutionary status and mass based on those calculations may be not accurate.
OBSERVATIONS AND DATA REDUCTION
The EPIC-pn detector on board of XMM-Newton has an energy resolution of ≃2-3 per cent at 6 keV, compared, e.g., to ∼18 per cent at 6 keV of the RXTE Proportional Counter Array (PCA). Given that relatively high resolution, we have chosen to study all the currently available XMM-Newton observations in the hard state of GX 339-4. There are seven of them obtained between 2004 and 2013, see Table 1 . Their bolometric fluxes correspond to the Eddington ratios of ≃ 3-15 per cent. The order of the observations is shown in the decreasing hardness, i.e., following the usual temporal outburst evolution in the rising stage. The observations 4-6 were taken in the small window imaging mode during the decay phase of the outburst of 2013, while the remaining data were taken in the timing mode during the rising phases of 2004 and 2009-2010 outbursts. CCD detectors are prone to pile-up at high count rates, such as typical for Galactic BHXRBs, in particular GX 339-4. Hence, we do not include the EPIC-MOS cameras, which suffer from pile-up more than the EPIC-pn camera by a factor of > 5, see the XMMNewton Users Handbook. We use the Science Analysis System (SAS) version 14.0.0 for the data reduction from the raw observation data files, applying the current calibration files. For the observations taken in the imaging mode (obs. 4-6), we extract the data from a circular region with an aperture of 45 ′′ around the source direction. For the other observations, which are in the timing mode, we choose a region in RAWX of [31:45] . The SAS task EPATPLOT is used to check for photon pile-up and pattern pile-up (denoting erroneous energy assigned to photons impinging on the same or neighbouring pixels). For the observations in the imaging mode, the pile-up is still high. We check its level by excluding circular regions with different radii around the source. The pile-up level converges to <1 per cent (single and double events) for exclusion of a circular region with a radius of 11.5
′′ (see also Plant et al. 2014) . Among the timing mode data, only the observation 7 is mildly affected, which is mitigated by excluding the three middle RAWX bins from the data.
After that, the spectra have been extracted with the standard procedures, using only single and double events (PATTERN ≤ 4) and ignoring bad pixels. We also correct for flaring particle background using the standard procedure. The SAS tools RMFGEN and ARFGEN are used to generate the response and the ancillary files, respectively. The spectral files, response and ancillary files are then combined using the task SPECGROUP. We use a spectral oversampling factor of 3, which is recommended for the EPIC detectors, and a minimum of 25 counts per bin. We also include a systematic error of 1 per cent in all of the spectra.
The imaging-mode data of observations 4-6 provide the widest energy bandwidth of 0.3-10 keV. This is important for the modelling of the disc emission. However, we find strong spectral features below 0.4 keV (also reported by Plant et al. 2014) , which appear to be instrumental. Hence, we neglect the channels below 0.4 keV. For the data taken in the timing mode, we use the 0.7-10 keV range, as recommended by the XMM-Newton Users Handbook. However, in both imaging and timing mode data we exclude the energy band of 1.75-2.35 keV, which shows strong features in all of our spectra. They are apparently instrumental (and frequently present in XMM-Newton observations of bright sources).
It is customary to characterize the broad Fe line region by fitting the data neglecting the 4-7 keV band and then showing the ratio of data to model. In Fig. 1 , we show such plots for all the observations. We have fitted an absorbed power law to the data in the 2.35-4 and 7-10 keV ranges. The data at lower energies are neglected due to uncertainty in the response and the unphysical nature of the diskbb model when applied to the hard state (see Section 4.3). As the fit is done in a narrow band, we use the parameters of the absorption component for our best case 2(i), see below. We see that the obtained line is quite narrow for obs. 1-3, which have the hardest spectra, but become broader as the spectrum softens, which is seen most pronouncedly for obs. 5-7. We see that the line width increases with the spectral softness, rather than the flux, which is lower for the obs. 5-6 than for the 2-3, see Table 1 . We note that this strong increase of the line width with the softness appears already incompatible with the claims (Miller et al. 2006 Reis et al. 2010 ) of the disc extending to the ISCO for the obs. 2, 3, which have the Fe lines among our narrowest.
THE ANALYSIS METHOD

The model
In the hard state, the X-ray continuum at E 1 keV is dominated by thermal Comptonization. There is also a component due to reflection of this continuum from the disc (or another form of optically-thick matter). In addition, a soft excess is usually present in lower energies, and it is often attributed to blackbody emission of the disc. In order to model the thermal Comptonization, we use the nthComp model (Zdziarski, Johnson & Magdziarz 1996 ) in XSPEC (v. 12.8.2, Arnaud 1996 , and use disc blackbody as seed photons.
To model the reflection component, we use relxill v0.2h (García et al. 2014a) . That model combines the xillver model (García & Kallman 2010) , which uses the atomic data of XSTAR (Kallman & Bautista 2001) to calculate angle-dependent reflection spectra, with the relativistic blurring code relline (Dauser et al. 2010 ). The relxill model allows us to calculate reflection from a disc that is truncated at an inner radius, r in . The amount of reflection is given by the relative reflection strength, R, which is defined in relxill v0.2h phenomenologically as the ratio of the flux of reflected photons to those reaching the observer directly in the 20-40 keV range (regardless of the value of i, see Appendix B). The radial dependence of the flux incident on the disc is a power law, ∝ r −q , and we set q = 3 unless specified otherwise. We allow the Fe abundance relative to the solar one, A Fe , to be free.
The e-folding energy of the reflected spectrum is assumed to be E c = 150 keV while we adopt the temperature of the thermal Comptonization component of kT e = 100 keV (cf. Wardziński et al. 2002) . The adopted value of kT e is roughly compatible with that of E c , see Zdziarski et al. (2003) . Still, the value of E c has a rather small effect because of the detector energy range of ≤ 10 keV as well as we find the reflection strength to be at most moderate.
In relxill, we set the outer disc radius to r out = 10 3 . While the actual outer disc radius is much higher in low-mass X-ray binaries, close to the Roche lobe radius, r out here corresponds to the outer radius of the irradiating corona, which is, most likely, much lower than that of the disc rim. Since relxill assumes reflection from a slab, the contribution of large radii to reflection in this model is very small, and the exact value of r out is of little importance.
We use the diskbb model (Mitsuda et al. 1984) , which neglects the zero-torque inner boundary condition at the ISCO of a geometrically-thin accretion disc around a BH (Shakura & Sunyaev 1973) . Its normalization includes both the apparent disc inner radius under the above assumptions and the disc inclination. We have modified this model in order to have the true truncation radius and the inclination as input parameters, which then allows us to link them with those of the relxill model, see Section 4.2.
We use tbnew feo 1 (Wilms, Allen & McCray 2000) to model the line-of-sight absorption. We set the abundances as wilm (Wilms et al. 2000) , except that we allow the relative O abundance, A O , to be free. We set the cross sections as vern (Verner et al. 1996) .
We note that some of the parameters of different models we use are physically the same. These include the colour disc temperature of diskbb and nthcomp, and the photon index and the normalization of nthcomp and relxill. Hence, we link these parameters between the corresponding models, see Section 4.2. In addition, some parameters are assumed to be the same for different observations, which are the disc inclination, i, the abundances, the absorbing column density.
Modification of the disc blackbody model
As described in Section 4.1 above, the spectra generated by diskbb and relxill depend on both the disc truncation radius, r in , and the inclination, i. However, whereas relxill depends explicitly on r in and i, diskbb depends on them through its normalization, defined as
where R ′ in is an apparent inner radius, defined in the case of the disc emitting un-diluted blackbody and without taking into account the zero-torque inner boundary condition. We relate R ′ in to the true inner disc radius, r in = κ 2 ζR ′ in /R g , where κ is the dilutedblackbody colour correction factor and ζ is the correction factor due to the inner boundary condition. Since r in and i in diskbb and relxill should be physically the same, we have modified the diskbb model in XSPEC to have its normalization defined through r in and i, which then allows linking them to the corresponding parameters of relxill.
Furthermore, the relationship between r in and the physical inner radius depends on the mass of the BH. This mass depends on the value of the mass function, f , as well as on the binary inclination,
If the plane of the reflecting disc is aligned with the binary plane, i ′ = i. However, i ′ i is possible if the BH is rotating around an axis different from the binary axis. In that case, we consider the BH mass, M, to be unrelated to i. In these two cases, we can express N diskbb as a product of two main factors, one dependent on the mass, distance and the radius correction, and the other dependent on r in and i. Namely,
The colour correction factor was found by Shimura & Takahara (1995) to be in the range of κ ≃1.7-2, with somewhat lower values found by Davis et al. (2005) , see their table 1. We note that the inner disc temperature of diskbb, T in , has now the interpretation of the colour temperature, while the effective temperature equals T in /κ. Kubota et al. (1998) found 2 ζ ≃ 0.41 under the assumption of the zero-torque boundary condition applying at r in . However, while it is rather likely that there is no torque at the inner radius if the disc extends to the ISCO (Paczyński 2000; Shafee et al. 2008) , the situation is different if the disc is truncated at r in ≫ r ISCO . The matter in the geometrically-thin disc becomes very hot at the truncation radius (Liu et al. 1999; Różańska & Czerny 2000) , and forms an inner hot flow (Narayan & Yi 1995) , which phenomenon is unlikely to be associated with a disappearance of the torque and its related dissipation. The zero-torque condition still takes place, but only close to the horizon. Therefore, it is appropriate to include that correction factor, ζ, in the soft state, where r in = r ISCO is very likely. However, that factor should not be automatically included in the hard state, where the truncation radius may be r in ≫ r ISCO .
The considered cases
As we have discussed above, there are a number of uncertainties in the modelling. Thus, we explore here the consequences of different assumptions. Also, the detector response at lower energies of the timing mode data is not well known. Even when that response is known, the soft X-ray energy range is physically complex, e.g., due to the effect of the irradiation of disc by the hot phase (Gierliński, Done & Page 2008 ). Hence, we also consider fitting results where the soft band is not taken into account. We list our various sets of the assumptions below 3 . We assume D = 8 kpc.
• Case 1. We fit the full energy bands, 0.4-10 keV in the imaging mode and 0.7-10 keV in the timing mode (neglecting in both cases the 1.75-2.35 keV range).
2 Gierliński et al. (1999) , using a somewhat more accurate treatment, obtained ζ ≃ 1/2.73 ≃ 0.37. 3 Some further cases are discussed in http://arxiv.org/abs/1512.01833v1.
(i) We use equation (2) for the diskbb normalization with a free value of k, but assumed to be the same for all observations. The obtained value of k can be then interpreted as corresponding to various combinations of f , D and κ 2 ζ. (ii) We fix f = 5.8M ⊙ , κ = 1.7 and ζ = 0.41 in equation (2), and then M = 10M ⊙ , κ = 1.7, ζ = 1 in equation (3). (iii) We use the standard diskbb normalization and allow it to be free and different for each data set.
• Case 2. We fit in the reduced energy band of E > 2.35 keV and fix the parameters for the absorption and disc components at those found for the full energy band. We further consider various assumptions.
(i) The condition for tying the r in and i of diskbb and relxill is lifted. The diskbb model is used without any modification, and we fit relxill for r in and i independently. The parameters of the diskbb are frozen to those obtained in case 1(i). We also study a case with free individual parameters of the diskbb, which is analogous to case 1(iii).
(ii) We add an additional un-blurred reflection component. This is motivated by the possibility of reflection from a distant medium in addition to that corresponding to a flat disc, e.g., taking into account a disc flaring. (iii) We assume the lamppost geometry (Martocchia & Matt 1996; Miniutti & Fabian 2004; Dauser et al. 2014 ) using the relxilllp model.
RESULTS
Spectral study in the full energy bands
We allow here the normalization of the diskbb to be free, but we separate it into two factors, one related to either f or M, D and κ 2 ζ, and one related to r in and i, see equations (2), (3). The latter is independently determined by relxill. We then impose a single value of either k or k ′ for all the data. We first assume a free k, case 1(i), see Table 2 and Figs. 2, 3. We find expected values for the normalization factor, k, and the inclination, i. The value of is k ≃ 0.14 +0.05 −0.03 , which is only about 20 per cent away at the best fit and compatible within 1σ with k ≃ 0.18, which corresponds to our default values of f = 5.8M ⊙ , κ = 2, ζ = 1 and D = 8 kpc. The fitted inclination of i ≃ 45
We also obtain the Fe abundance of the reflector close to the solar. The truncation radii are r in ≫ r ISCO for all of the observations, which justifies the choice of ζ = 1 (see Section 4.2), and is compatible with the truncated disc geometry in the hard state. The fractional reflection strength is 1 for all the data. While it is compatible with that geometry, it implies some overlap of the hot flow with the disc, or the presence of some cold clumps within the hot flow. The fitted N H is comparable to that obtained by other investigations, e.g., KDD14, Plant et al. (2014) . Also, the inner disc temperature is kT in ≃ 0.2 keV for all the observations, which implies that the colour correction, κ, should be correspondingly approximately constant. The spectral index is Γ ≃ 1.5-1.7, which is typical for the hard state. The total reduced χ 2 is also acceptable. Then, we assume the values of ζ = 0.41 (Kubota et al. 1998 ) and κ = 1.7 (Shimura & Takahara 1995) , and the default values of f and D, case 1(ii). We find much smaller values of r in , of ≃ 3-10, much closer to r ISCO than before, but the fit strongly worsens, to χ 2 = 1810/1047, i.e., ∆χ 2 = +438 for adding one d.o.f. Thus, we 
(i). The model is tbnew feo(diskbb+nthcomp+relxill).
The diskbb model is modified to incorporate r in and i as input parameters, see equation (2), which are then linked with the corresponding parameters of relxill. The factor k, equation (2), is allowed to be free (≃ 0.14); the value of f given below assumes κ = 2, ζ = 1, D = 8 kpc. rule out this model as statistically unacceptable. As another variant, we consider the inclination of the inner disc being different from that of the binary orbit, i ′ i. We use equation (3) with M = 10 M ⊙ , κ = 1.7, ζ = 1. This model yields the best fit parameters and the χ 2 almost identical to those of case 1(i), Table 2 . It differs from case 1(i) simply by a different interpretation of the normalization of diskbb. Fig. 2 shows the unfolded spectra, the models and the residuals for case 1(i) for all of the observations together. We use the νF ν = EF E representation, with F given in units of keV. The individual fits with their residuals are shown in Fig. 3 . We can see that the residuals of the data taken in imaging mode (observations 4-6) are acceptable. However, those of the timing mode, especially those of observations 2 and 3, show relative large structure. Specifically, the excess at 1 keV is prominent. A similar structure has been reported by KDD14, who argued that this probably indicates that the soft spectrum is not well modelled by diskbb.
We then consider the hardness-flux diagram for the model 1(i). We calculate the unabsorbed energy flux in 0.7-10 keV energy band, and the hardness ratio as the energy flux ratio between the 6-10 keV band to that in the 3-6 keV band, see the top panel of Fig. 4 . We find the flux to be only approximately anti-correlated with the hardness ratio, see Section 6.3. An overall anti-correlation is expected given that the flux increase in the hard state leads eventually to a transition to the soft state. The middle and bottom panels of Fig. 4 show r in and R, respectively, as functions of the hardness ratio. We find the reflection strength is decreasing as the spectrum becomes harder, as expected in the truncated disc model. However, we unexpectedly find r in to anti-correlate with the hardness. This is contrary to the truncated disc model, in which r in decreases during the hard state of the outburst, as the spectrum becomes softer and the luminosity increases. It also disagrees with models in which r in = r ISCO . We consider this anti-correlation to be an artefact caused by the adopted assumptions of our diskbb Table 2 . The residuals, χ, of the fits are shown in the lower panels. The orange dot-dashed, red dashed, violet dotted and black solid curves show the disc blackbody, incident continuum, reflection and the total model, respectively. modelling. In our modified model, we impose the factor of the disc normalization related to the mass, the distance, the inclination and the colour correction to be the same for all the observations. Physically, the increase of the flux in the disc component should occur by an increase of T in , both because of the increase of the accretion rate and the expected decrease of r in . However, we obtain T in to be almost constant for all the seven observations, in spite of the flux increase by an order of magnitude. Then, the only way to increase the disc blackbody flux is to increase the inner radius. This demonstrates that while our model accounts well for the overall properties of the hard state, giving likely values of the inclination and the Fe abundance, it does not account for the spectral variability within that state. The apparent reason for this is that the diskbb model is not the proper description of the soft X-ray component present in the data. We discuss possible causes of it in Section 6.4. Given the apparently unphysical relationship between r in and the hardness ratio, we also consider the case 1(iii), with the diskbb normalization allowed to vary between the observations. This corresponds to treating this spectral component as phenomenological, without imposing any physical constraints. We obtain a significant improvement of the fit, ∆χ 2 = −222 for 6 less d.o.f. However, the best-fit Fe abundance is unphysical, namely A Fe ≃ 20; also i ≃ 29
• . The reflection is, however, very weak, R 0.1, while the values of r in span the range of about 6-110, still ≫ r ISCO for our assumed a = 0.9. Even at that value of A Fe , the model still implies a truncated disc geometry. We have also tried a similar fitting with the A Fe now fixed to 1.58, the value found for the best fit case by Fürst et al. (2015) . Then we obtain χ 2 /dof = 1293/1041, with i = 29
• -35
• . The disc is still highly truncated with r in in the range 26-215, and we obtain low values of the reflection fraction.
Spectral fits in the reduced energy band
As we discussed above, the detector calibration at soft X-rays is less certain than that at hard X-rays, especially for the timing mode. Also, the modelling at soft X-rays is complex and uncertain. Therefore, we perform fitting also in a reduced energy band, ignoring the low-energy, < 2.35 keV, part of all of the data. Given the narrowness of this band, we assume the parameters of the absorber and the diskbb component to be fixed at the values obtained by including the low-energy band.
Case 2(i). We relax the requirement that the disc inner radius is the same in both diskbb and relxill. The results are shown in Table 3 and Fig. 5 . We note that as the r in of relxill is no more tied to the diskbb, that value is less constrained now, and only lower limits are obtained in four cases. However, the values are consistently large. The dependencies of r in and R on the hardness ratio are shown in Fig. 6 . We see now the expected increase of r in with the hardness.
As a variant of this case, we have also tried a fit with r in = r ISCO , but obtained an unacceptable χ 2 /dof = 1216/850. As another variant, we have considered free individual values of the normalization of diskbb, as in the case 1(iii). However, unlike that case (where we fitted the full energy band), we obtain not only a significantly better χ 2 /dof = 625/829, but also physically plausible fit parameters, namely i = 45
• -58 , 57 +18 −13 for for the obs. 1-7, respectively. These high values of r in support the truncated disc scenario. We have also tried a model without the diskbb component, but found a large χ 2 /dof = 932/836. Clearly, the presence of a soft component is statistically required, even at E ≥ 2.35 keV.
Case 2(ii). We then test for the presence of an unblurred re- flection component. This is expected, given that the standard accretion disc of Shakura & Sunyaev (1973) is flared, with the height to radius ratio of H/R ∝ R 1/8 , and with a larger exponent in the presence of irradiation. This effect is not included in relxill, which assumes a flat reflector. We can take it into account by including another reflection component prior to relativistic blurring, as given by the xillver model (García & Kallman 2010) . The results are shown in Table 4 . We see the fits are relatively poorly constrained, which is due to the absence of strong relativistic effects in the data, as we found before. Thus, adding an unblurred reflection to a weakly blurred one does not allow a determination of the parameters of both. Still, we find high truncation radii and weak reflection in all the data. For obs. 5, we obtain an upper limit and the disc can in principle extend down to the ISCO, but the data are also consistent with a truncated disc. Statistically, this additional component does not improve the fit, we obtain ∆χ 2 ≃ −19 by adding 14 more free parameters to the model 2(i). For this case, we have also tried a fit with r in = r ISCO . The χ 2 /dof = 795.5/836, i.e., ∆χ 2 ≃ +43 with 7 more dof. In all cases the reflection fraction is low for both xillver (0.06-0.73) and relxill (0.10-0.89).
Case 2(iii). We now consider the lamppost geometry (Martocchia & Matt 1996; Miniutti & Fabian 2004; Dauser et al. 2014) , in which a power-law point source is located on the BH rotation axis and perpendicular to a flat disc surrounding the BH. It is implemented in the relxilllp model. The model has been relatively widely used, e.g., by Fürst et al. (2015) for GX 339-4. The radial profile of the flux irradiating the disc is calculated using GR given the value of the height of the source, h. Similarly to the case 2(ii), we have found that this model is weakly constrained by the data, with very large ranges of the allowed values of r in . Therefore, we have fixed r in = r ISCO , which model yields a ∆χ 2 of only +3 with respect to free r in case. The results are given in Table 5 . Thus, the model is consistent with the disc extending down to the ISCO, but also a truncated disc is allowed. The latter case may be indicated by the relatively low values of the reflection fraction, in particular for the observations 1-3. However, when the disc extends to the ISCO, the height of the source is large in most cases, h ≫ 1, which implies that relativistic effects are still weak, as the innermost parts of the disc are only weakly irradiated. The statistical quality of the fit of this model is poor, χ 2 is high and much worse, ∆χ 2 = +112, than that of the case 2(i). Clearly, this model is not statistically preferred. We have also added an un-blurred component, i.e., due to reflection from a distant medium subtending a substantial solid angle, to this model. This has not improved the statistics, yielding χ 2 /d.o.f. ≃ 871/829, i.e., an increased reduced χ 2 compared to the case without the un-blurred reflection.
A further possible complexity possible is to allow for a broken power-law radial profile of the flux incident on the disc. Thus, we allow the emissivity to be ∝ r −q 1 for r ≤ r br and ∝ r −q 2 for r ≥ r br . We have found that the presence of the additional parameters causes the fit to be rather weakly constrained. Thus, we have fixed the outer index at its standard value, q 2 = 3. We have then found that the best-fit values of q 1 are also close to 3, and, consequently, the model gives results similar to our default case, 2(i). In particular, Figure 5 . The spectra obtained in the case 2(i), see Table 3 . The orange dot-dashed, red dashed, violet dotted and black solid curves show the disc blackbody, incident continuum, reflection and the total model, respectively. the disc inner radii are still large, ranging from 42 to 600 at the best fit, and i ≃ 44
• ± 4
• , A Fe ≃ 1.0 ± 0.1, with the χ 2 /d.o.f. ≃ 771/836. The reduced χ 2 is larger than in the case 2(i), which shows that this model is not statistically preferred. Finally, we have also explored the effect of ionization dependent on the radius, which complexity is allowed in the relxill. This again has not improved the fit and did not lead to constrained results. Similarly to most of the cases above, the obtained values of r in were high. Our results of large truncation radii are consistent with those of De Marco et al. (2015) , which were obtained based on X-ray reverberation time lags, in which the X-ray source irradiates the disc. Those authors analysed the XMM-Newton observations 1, 2-3 (combined) and 7, and obtained the time lags decreasing from ≃14 to ≃4 ms as the bolometric Eddington ratio increases from 0.027 to 0.152 (see Table 1 ). In the truncated disc model, these lags correspond to r in decreasing from ≃ (280
−1 , which fully agree with the results for our best model, case 2(i) ( Table 3 ).
DISCUSSION
Effect of ionization on line broadening
As we have shown in Fig. 1 , the width of the Fe K line complex increases with the decreasing spectral hardness, and the line for obs. 5, 6, 7 appears broad. On the other hand, we always find a significantly truncated disc in our analysis. The effect we found responsible for the line broadening in addition to the relativistic effects is ionization. We illustrate it for our case 2(i). In order to show the relative contribution of the reflection spectrum (for relxill), we The reflection model without relativistic blurring (xillver) for selected values of the ionization parameter: log 10 ξ = 2, 2.7, 3, 3.3 and 4, with the other parameters at the best fit values of obs. 6 (see Table 3 ). (c) The same as in panel (b) but with relativistic broadening for r in = 286.
omit it, and then show the resulting data-to-model ratio in Fig. 7(a) . We note that the obs. 1-3 have both narrow Fe lines and low relative reflected continua, whereas the obs. 5-7 have both broad lines and high reflected continua, with the obs. 4 being intermediate between those two cases. The level of the reflected continuum increases with the ionization parameter (as the disc is more reflective when more ionized) and with the reflection fraction. Indeed, both R and log 10 ξ are much higher for obs. 5-7 than for 1-3, see Table 3 . On the other hand, the value of r in is high for all of the cases, though there is a decreasing trend with the softness, see Fig. 6 . Thus, we investigate the effect of the ionization on the line broadening. We show the the rest-frame reflected spectra (i.e., without relativistic effects), given by xillver. We show the model reflected spectra in Fig. 7(b) for log 10 ξ = 2, 2.7, 3, 3.3 and 4. Specifically the values of log 10 ξ = 2.7 and 3.3 correspond closely to our observations with the narrow and broad lines, see Table 3 . We clearly see that the width of the Fe K complex increases with the increasing ξ. Then we show how the relativistic effects further broaden the line in Fig. 7(c) . We use the relxill model for the same values of ξ and for r in = 286, which is the highest value among the broad-line observations, 5-7, corresponding to the obs. 6. We see some rather modest further broadening. Hence, we conclude that the disc ionization plays a vital role in broadening the line. We give below a brief qualitative explanation of the physical processes that can lead to this effect, following García et al. (2013) .
In xillver, the reflected spectrum is produced from a planeparallel slab of uniform density gas irradiated from the top by a power-law spectrum with an exponential high-energy cutoff. The ionization parameter is defined as ξ ≡ 4πF X /n e , where F X is the flux integrated over 1-1000 Ry and n e is the electron density. The source function of the radiation transfer equation is given by the ratio of the total emissivity to the total opacity. The opacity consists of the scattering term, α KN (E) (given by n e times the KleinNishina cross section), and the atomic absorption term. The emissivity consists of two parts, the continuum and line emissivity, j(E), and one due to Comptonization, equal to α KN (E) times the Comptonized mean intensity, J c . The probability of Compton scattering of a photon with energy, E, is approximated by a Gaussian profile (cf. Ross, Weaver & McCray 1978; Ross & Fabian 1993) with the centre at E 0 = E + ∆E and the half-width, σ, where
With these assumptions, the standard radiation transfer equation is solved iteratively in the range of Thomson optical depth of 10 −4 < τ < 10. At each point within the slab, the population levels, temperature, opacity and emissivity are calculated using XSTAR. As the radiation penetrates within the slab, the continuum is modified by both scattering and absorption (followed by re-emission at different energy). At some depth, recombination leads to a rapid cooling and the temperature falls to ∼ 10 5 K. Hence, the temperature structure of the slab is approximately constant followed by a sudden drop after a certain optical depth. The ionization parameter has two major effects on the temperature structure. For higher ionization parameter, first, the temperature of the illuminated region is high, and second, the radiation penetrates deeper the slab.
Let us consider our specific cases of log 10 ξ = 2.7 and 3.3. As we see in Fig. 7(b) , the latter case leads to a much broader line than the former. The main differences between these two cases are as follows. (i) Difference in ionization states: At these ionization levels, there is no Fe Kβ emission. For log 10 ξ = 2.7, the emission spectrum is rich with many Fe Kα lines in the 6.4-6.7 keV band, while for log 10 ξ = 3.3, the line emission is centred at 6.7 keV and 6.9 keV of the Fe Kα emission from highly ionized Fe. (ii) For the former case, the illuminated region of the gas attains a temperature of kT 1 keV, in which case Fe Kα photons are only downscattered when leaving the disc. In the latter case, the temperature is much higher, kT 10 keV. At this temperature, the probability of up and down-scattering becomes comparable, see equation (4); hence, the line is symmetrically broadened. (iii) In the former case, the photoelectric opacity dominates over scattering in the 10-10 4 eV range, while the opposite occurs for the latter case. Hence, the absorption dominates in the lower ionization case, leading to decreased flux level at both the red and blue wing of the line complex. (iv) In the former case, the illuminating radiation fully ionizes the Fe only down to τ ∼ 0.2, while in the latter case, the ionization continues till τ ∼ 1. Consequently, for higher ionization, the line complex is produced deeper inside the slab, and the line photons encounter more Compton scattering while coming out, which leads to a broader profile (e.g., Sunyaev & Titarchuk 1980 ).
We have also tested whether the data of obs. 5-7 are also consistent with low values of ξ and r in . For this purpose, we have modified the case 2(i) by imposing low values of ξ. In particular, we fix log 10 ξ = 2.4 (found for obs. 1) for all observations. We then obtain a much worse fit with χ 2 /dof = 1119/844, i.e., ∆χ 2 = +348 for one less free parameter. We still find the disc to be truncated, with r in in the range 20-600. For obs. 7, we obtain r in = 20.0 ± 3.3.
Comparison with RXTE
Although our work is devoted to the analysis of the XMM-Newton EPIC-pn data, we have used the simultaneous RXTE PCA and HEXTE data to calculate the bolometric fluxes given in Table 1 , except for the obs. 4-6, where we use the spectrum obtained from the Swift Burst Alert Telescope (BAT; Segreto et al. 2010) . For the HEXTE data, we choose one or both of the clusters A and B according to their observed count rate and the available background. We use both the clusters for obs. 2 and 3, while cluster B is used for obs. 1. For obs. 7, while the source data was obtained by cluster A, the background is not available. Hence, we could not use the HEXTE data for this case. Then we fit all the spectra using the model of Case 1(i). As a wider energy range is available, the electron temperature of the nthcomp kT e and the cutoff energy of the relxill E c are initially made free. However, we found a large difference between kT e and E c . Hence, we put a constraint as E c = 1.5kT e except for obs. 7 for which E c = 3kT e is assumed. Fig. 8 shows the resulting fits, which clearly show the mismatch of the calibration between XMM-Newton EPIC-pn and RXTE PCA data in the Fe K region. For the PCA data, we have also checked the effect of applying the calibration correction pcacorr of García et al. (2014b) , which we found to be negligible, as illustrated in Fig. 8 . The systematic error applied to the PCA data is 0.1% with the pcacorr correction and 0.5% without the correction. We have checked that the observation times overlap well; hence, the discrepancy cannot come from the difference it. This apparent calibration difference between the EPIC-pn and PCA may possibly explain the differences between our results and those of García et al. (2015) , see Appendix A.
Hysteresis in the reflection properties
As we see in Fig. 7(a) , the profiles of the reflection spectra correlate with the spectral slope rather than with the flux. Namely, the obs. 7 has the flux four times that of the obs. 5-6, and the obs. 2, 3 have the flux twice that of the obs. 1, yet they show very similar spectra within each trio. This indicates that the basic properties of a state of GX 339-4 are determined by the spectral hardness rather than the flux. In the framework of the truncated disc paradigm, this would imply the disc truncation radius, which determines the spectral properties, depending on the history of a given outburst. For example, obs. 4-6, which took place during the declining phase of 'failed' (i.e., without going to the soft state) outburst, have apparently similar truncation radius as the obs. 7, taken during the rise of an outburst. In the case of ionization affecting the line width (Section 6.1), our results imply that the ratio of the flux to the disc density is constant for a given spectral hardness. Our results indicate that both disc truncation and ionization are important; the reflection fraction and the ionization parameter increase and the disc inner radius decreases with the increasing spectral softness. This is another manifestation of hysteresis, well known to occur in GX 339-4, in which the hard-to-soft transition usually occurs at a much higher L than the reverse transition. Hysteresis is a feature of systems in which there are two stable states for the same controlling parameter, the accretion rate in our case. Once a system goes to a given state it stays in it as long as it is physically possible, which leads to the value of the controlling parameter at the transition depending on its direction.
Caveats
We have done our best to determine the actual disc truncation radius in the hard state. In our best models, this radius decreases with the softening slope of the X-ray continuum, but it remains high through the hard state, with r in changing from a few hundred to a few tens as Γ changes from 1.5 to 1.7.
Still, these results are based on currently available models, which still have limitations. In particular, the ionization structure in xillver is calculated for a fixed density, and irradiating photons are assumed to hit the disc at an angle of 45
• . Relaxing those assumptions may possibly lead to some changes of the results. We also note that the definition of the reflection fraction in xillver and relxill (v0.2h) is phenomenological, which issue we discuss in Appendix B. However, this does not affect our determination of other parameters of the system. Furthermore, Niedźwiecki, Zdziarski & Szanecki (2016) have pointed out that the direct emission is not redshifted in the relxill and relxilllp models, and photons reflected by the disc and returning to it due to light bending are not taken into account. However, our results show only the presence of only moderate relativistic effects in GX 339-4; thus, those issues do not affect our results.
Then, we have found out that assuming the disc inner radius determined from the reflection and that from the disc continuum are the same leads to an apparently unphysical result, of r in decreasing for harder spectra. This is apparently related to the fact that the disc blackbody model ignores the effect of its irradiation by the X-rays emitted above ∼ 1 keV, which, in the hard state, have the luminosity content an order of magnitude higher than that of the disc itself, see Gierliński et al. (2008 Gierliński et al. ( , 2009 and KDD14. For example, Rykoff et al. (2007) found that an outer disc region is strongly irradiated, emitting flux in the far UV range significantly exceeding that expected from a standard disc. But the effect of irradiation of the inner disc in X-rays is usually ignored, though the recent study by Vincent et al. (2016) takes it into account. We have tried to circumvent those problems by constraining our fits to energies ≥ 2.35 keV, where the disc contribution is weak. Thus, we do not expect that this would affect our final results for r in from reflection.
We also note that the normalization of the disc blackbody model is ∝ r 2 in . For weak disc components, r in will be low. In the vicinity of the BH, the natural scale length is R g , and clouds or a small inner disc may be formed with that characteristic size. This may explain results of papers claiming the disc extending to the ISCO based on disc fitting. In our work, we have found that we do not require the presence of clouds or a small inner disc, but this may be simply due to the limited statistics of the data.
We have also not explored the effect of using more complex continua, e.g., two Comptonization components, see Yamada et al. (2013) and KDD14. Such complex continua are required by the physics of the accretion. That complexity may be responsible for the soft components, fitted by us and others as discs.
CONCLUSIONS
We have analysed the seven available X-ray observations of GX 339-4 in the hard spectral state by XMM-Newton. We have jointly fitted the spectral data by Comptonization and the currently best available Compton reflection code (García & Kallman 2010; Dauser et al. 2010) , relxill. In the fitting, we have assumed the parameters of the interstellar absorption, and the reflector abundances and inclination to be the same for all the data. We have studied a large array of spectral models, in particular, we have considered in detail a possible contribution from a standard blackbody accretion disc. Also, we have reviewed the parameters of the GX 339-4, and, in particular, its transient behaviour. Our main results are as follows.
In Section 2, we have compared the estimates of the average accretion rate of GX 339-4 by and Coriat et al. (2012) , and found them to be in agreement. On the other hand, its theoretical estimates based on the stripped giant model by Muñoz-Darias et al. (2008) yield much lower values, indicating a need to revise these calculations and a tentative character of the current estimates of the properties of the donor.
We have tested whether the inner radius of the blackbody disc in the spectral fits can be set equal to that of the reflector. In order to be able to do it, we have modified the diskbbb model (Section 4.2). However, we have found (Section 5.1) that this leads to an unphysical behaviour of the disc truncation radius, which increases with the spectral softness. This increase is not consistent with either the truncated disc model, in which the truncation radius decreases to the ISCO when approaching the soft state, or the disc extending down to the ISCO during all the observations. This implies that the soft X-ray component is not a standard blackbody disc. This is fully consistent with the presence of strong disc irradiation by the hard X-rays (Gierliński et al. 2008; Vincent et al. 2016) , which dominate the total emission by a large factor in the hard state. We thus treat the soft component phenomenologically in our final models.
We have considered a large range of models, testing among others the effects of the chosen energy range, of adding an unblurred reflection component, and assuming a lamppost geometry. Surprisingly, we have found the effects of relativistic broadening to be relatively weak in all cases. In the coronal models, we find the inner radius to be large, r in ≫ 1. In the lamppost model, the inner radius is unconstrained, but when we fix it to the ISCO, we find the height of the source to be large, which also implies a weak relativistic broadening. Still, we find the inner radius in the coronal models to correlate with the X-ray hardness ratio, which is consistent with the truncation radius decreasing from being large in quiescence to the ISCO in the soft state. Our large values of the disc truncation radius agree well with those determined by De Marco et al. (2015) , based on X-ray reverberation time lags, and obtained using the observations 1, 2-3 and 7.
We have found the disc inclination of ≃ 40
• , implying M 8M ⊙ for the case of the disc and binary axes being aligned. The fitted Fe abundance has been found to be approximately solar.
We have also found a strong effect of the disc ionization. Its degree anti-correlates with the hardness, with the ionization parameter becoming very large in our softest states. This leads to strong spectral broadening due to Compton scattering of the reflected photons in the disc, and accounts for the relatively large truncation radii even in the softest studied states. We have discussed the physics of this effect in Section 6.1. If we constrain the ionization to be weak, the fit strongly worsens but still r in ≫ r ISCO .
Although our study is devoted primarily to the XMM-Newton data, we have also analysed (Section 6.2) the simultaneous RXTE data available for obs. 1-3 and 7, in order to determine the bolometric flux. At this occasion, we have found pronounced differences in the calibration of the EPIC-pn and the PCA in the Fe K region, see Fig. 8 . This disagreement persists even when the correction proposed by García et al. (2014b) is applied. This may explain the differences of our results with respect to those of García et al. (2015) , who fitted the PCA data only.
We have found that the properties of the reflection component are mostly determined by the spectral hardness, with both the relative strength and the broadening of the reflection spectrum decreasing with the hardness. On the other hand, these properties are not determined by either the 1-10 keV or the bolometric flux. This appears to be one more manifestation of the hysteresis, well known to be present in GX 339-4 (Section 6.3).
In Appendix A, we have compared our results with those of other studies. We find the differences accounted for by the effect of pileup when fitting the EPIC-MOS data, and by using less advanced spectral models. Still, we have found our results generally consistent with those of Plant et al. (2014 Plant et al. ( , 2015 and with a number of fits in Fürst et al. (2015) .
In Appendix B, we have discussed in detail the issue of the definition of the fractional reflection strength. We have found that the phenomenological definition based on the 20-40 keV flux of the reflected photons used in xillver and relxill v0.2h leads to some unphysical effects. We advocate the use of the definition based on the ratio of the flux of photons directed in the local frame towards the disc and away from it. Reflected, cos(i)=0.1 Figure B1 . Comparison of the reflection spectra from xillver and pexriv for cos i = 0.1 and 0.9, at Γ = 1.6, E c = 150 keV, ξ = 10, R = 0.5. For a given geometry, the reflected spectrum should decrease with the increasing viewing angle (and become null at i = 90 • ). In contrast, xillver at a fixed R normalizes the reflected spectra to a constant flux in the 20-40 keV range, which leads to the reflected spectra almost independent of the inclination, which is not physical. We also note that the shape of the reflected spectra from xillver at a few tens of keV significantly differ from those of pexriv, which is due to the non-relativistic treatment of Compton scattering by the former, see equation (4), which fails at high energies.
Some models, e.g., reflionx (Ross & Fabian 2005 , do not provide a reflection fraction at all, and instead normalize the reflection strength by the ionization parameter, proportional to the flux incident on the reflector. Then, however, it is unclear what geometry a given model corresponds to. Comparing the direct and reflected fluxes can give a rough estimate, which, however, may be quite inaccurate given the unknown albedo (dependent on the spectral shape and the degree of ionization).
The models we use in this work, xillver and relxill v0.2h, define R by the energy flux ratio between the reflected and direct observed spectra in the 20-40 keV range regardless of the inclination. This, unfortunately, leads to quite significant inaccuracies. We show some examples (for xillver) in Figs. B1 and B2. Fig. B1 shows that xillver yields an approximately correct amplitude of the reflected spectra for an inclination close to face-on, but overestimates it at large viewing angles. Also, we note that the shape of the high-energy cutoff in the reflected spectra becomes incorrect above ∼100 keV, due to the scattering treatment of equation (4) being non-relativistic. Fig. B2 shows that the used range of 20-40 keV is also sensitive to the Fe abundance, and its change leads to a change of the high-energy reflected continuum, which, as dominated by scattering, should be independent of it.
In our opinion, the most physical way of defining R in the non-relativistic case is that of pexrav/pexriv. Namely, R should be defined as the ratio of the flux directed towards the observer to that toward the disc. This appears straightforward to implement in xillver. Following our discussion, Dauser et al. (2016) have implemented that definition in xillver v0.4a.
On the other hand, further complexity appears when relativistic effects on the photon propagation are taken into account, due to both photons no longer travelling on straight lines and some of them crossing the BH horizon. These effects can be quite extreme if most of the emission is from close vicinity of a rotating BH. For a given static reflection model, they can be taken into account, e.g., using the relconv model (Dauser et al. 2010 ). In the case of xillver, the relativistic effects are taken into account by relxill (but see Niedźwiecki et al. 2016 ). Still, relxill defines the reflec- Figure B2 . The effect of the Fe abundance on xillver reflection spectra, for A Fe = 1 and 5, at Γ = 1.6, E c = 150 keV, ξ = 10, i = 60 • . Since the irradiating spectrum is constant, and the Fe abundance plays no role for photons at high energies, the reflected spectra should be identical at E 50 keV, while they are not owing to the code normalizing the reflected spectra to a constant flux in the 20-40 keV range. This leads to a further unphysical effect that the reflected component below the Fe Kα line increases with the increasing A Fe , while it should decrease, due to the opacity increased by the additional Fe.
tion strength by the flux ratio in the 20-40 keV energy range. This creates the same problems as shown in Figs. B1 and B2. Then, Dauser et al. (2014) defined the reflection fraction as the ratio of the photon flux hitting the disc to that for photons escaping to infinity. They show that this ratio can reach very large values, up to ∼30, for the maximally rotating BH surrounded by a disc extending down to the ISCO. However, this definition disagrees with that in terms of the 20-40 keV flux ratio, and the disagreement can be very strong due to the beaming of both direct and reflection radiation toward the equatorial plane of a rotating BH. For that reason, the definition of Dauser et al. (2014) has been implemented in relxill v0.4a (Dauser et al. 2016) .
On the other hand, our proposal is to directly extend the nonrelativistic definition used by pexrav. The reflection fraction, R would be then defined as the ratio of the flux directed toward the disc to that away from it in the local frame. In coronal models, the irradiating flux is usually assumed to be power-law function of the radius. Then, R = 1 would correspond to the local-frame emission being isotropic at each radius. If needed, it would be easy to calculate the fractional contribution of reflection in any given photon-energy band by integrating over the model components.
In the lamppost model, R = 1 would correspond to the case with an isotropic point source on axis of the BH, and R 1 would scale that theoretical reflection spectrum. E.g., if either R ≫ 1 or R ≪ 1 were found in fitting data, it would indicate an inadequacy of the assumed model.
